In solutions of the charged semirigid biopolymer hyaluronic acid in salt-free conditions, the diffusion coefficient D NSE measured at high transfer momentum q by neutron spin echo is more than an order of magnitude smaller than that determined by dynamic light scattering, D DLS . This behavior contrasts with neutral polymer solutions. With increasing salt content, D DLS approaches D NSE , which is independent of ionic strength. Contrary to theoretical expectation, the ion-polymer coupling, which dominates the low q dynamics of polyelectrolyte solutions, already breaks down at distance scales greater than the Debye-Hückel length.
Introduction
Ion-polyelectrolyte interactions play a decisive role in many systems, from living organisms to materials science. Owing to their structural complexity, their multicomponent nature, and the simultaneous presence of short-and long-range interactions, polyelectrolyte solutions remain incompletely understood. [1] [2] [3] Long-range electrostatic interactions dominate the conformational and thermodynamic properties, and local ordering processes such as helix formation are governed by the mobility at the segmental level. Transport properties in heterogeneous media (e.g., tissues or cells) depend both on long-range and on shortrange interactions.
In semidilute polymer solutions, the diffusive properties of the chains are a function of the characteristic mesh size of the solution and of the thermodynamic interactions between the polymer and the solvent. 1 These properties can be investigated by dynamic light scattering (DLS), which measures the collective diffusion coefficient, D DLS , on a length scale range much greater than the mesh size, (low transfer momentum q). Neutron spin echo (NSE) probes the polymer dynamics in a higher q range. 4 With neutral polymers, no difference is detected between D DLS and that measured by NSE, D NSE . 5, 6 In polyelectrolyte solutions, however, where the dynamics of the polymer is coupled to that of the ion cloud, this correspondence remains to be verified experimentally. 7 In principle, measurements of the dynamics of polymers by DLS and NSE are equivalent, albeit for different length scale ranges 1/q. With both techniques, the scattering intensity is determined by the contrast between the polymer and the solvent. For DLS, this contrast is defined exclusively by the chemical nature of both components, a parameter that can be modified only by changing the system. Neutron scattering experiments, on the other hand, by replacing hydrogen with deuterium in the appropriate components, can select the signal either of the counterions or of the mutual (collective) diffusion of the polymer in the solution. In this way, measurements have been made by NSE of the dynamics of hydrogenated counterions in solutions of deuterated polystyrene sulfonate in salt-free conditions. These measurements revealed a strong q-dependence of the diffusion coefficient of the counterions. 8 This paper describes DLS and NSE investigations of the mutual diffusion between hydrogenated polyelectrolyte chains and a deuterated solvent. The measurements were conducted in the semidilute polymer concentration regime under various conditions of added salt to distinguish the long-range repulsive electrostatic interactions from the short-range excluded volume effects in the collective diffusion.
To describe the scattering properties of polyelectrolyte solutions, we invoke the analogy of suspensions of charged spheres, the scattering intensity of which can be expressed in terms of the product of the form factor P(q) of a sphere and the structure factor S(q) describing the interparticle correlations. Thus, According to scaling theory, polymer chains in solution in the semidilute regime are pictured as a sequence of correlation volumes (thermal blobs), analogous to the form factor of the suspension of spheres. 1 For charged polymers, however, changes in the ionic strength or ion valence modify both the interchain and intrachain potential, and consequently, the size of the blobs is variable. For small q, therefore, where the spatial range 1/q of the measurement spans many chains, the distinction between P(q) and S(q) is purely formal, and the important physical property is the scattered intensity itself. For the polyelectrolyte solutions investigated here, eq 1 nevertheless provides a framework to interpret the q dependence of I(q). Although theoretical treatments have been proposed, 7,9,10 detailed experimental investigations of the effects of salt on the dynamic properties of polyelectrolytes by both DLS and NSE are lacking in the literature.
The present DLS and NSE measurements were made on solutions of a semirigid biological polyelectrolyte. The local configuration of this class of polymer is simpler than that of flexible polyelectrolytes, in which the effective chain cross section (electrostatic blob radius) depends on salt conditions. 11 The system investigated was the sodium salt of hyaluronic acid (HA), one of the most abundant biopolymers in the human body. HA participates in the organization and self-assembly of proteoglycans in cartilage and is involved in cellular processes such as cell proliferation, morphogenesis, inflammation, and wound repair as well as interacting with cell surface receptors. The biological function of HA includes control of transport properties (e.g., water and ion diffusion, tissue hydration) and rheological behavior (e.g., viscosity of the synovial fluid and vitreous humor in the eye). These processes take place in the presence of both mono-and divalent ions. The diversity of biological functions of HA implies a variety of interactions, which are sensitive to local environmental conditions such as the ionic strength of the solution. Unlike polyelectrolytes with hydrophobic backbones, HA remains soluble even at high ionic strength in the presence of divalent counterions.
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Experimental Section
Solutions of hyaluronic acid (sodium salt) (Sigma, M w ) 1. DLS measurements were made with an ALV goniometer (ALV, Langen, Germany) working at incident wavelength λ ) 6328 Å. The NSE observations were made at the IN15 instrument at the Institut Laue Langevin, Grenoble, with λ ) 11 and 15 Å. The length scales explored in the scattering measurements cover the ranges 1000 Å g 1/q g 400 Å (DLS) and 30 Å g 1/q g 9 Å (NSE), where q ) (4πn/λ) sin(θ/2) is the momentum transfer (n being the refractive index of the solvent, and θ, the scattering angle). SAXS measurements were made at the insertion device of Sector 5 at the Advanced Photon Source (DND-CAT), with λ ) 1.55 Å, in the range 0.0016 e q e 0.35 Å -1
. Complementary estimates of the osmotic modulus were made from measurements of the osmotic pressure Π.
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Results and Discussion
The characteristic length scale in polymer solutions can be determined from the intensity correlation function of the light scattered by the concentration fluctuations, as measured by DLS. In the scaling picture of semidilute polymer solutions, 1 7, 12 For solutions of HA at fixed concentration (2% w/w), exhibits a power law dependence on J (Figure 1 ). Over the range of values of displayed in this figure, the Rayleigh condition (q , 1) holds for DLS measurements, and consequently, I(q) is independent of q. Measurements of the dynamic light scattering intensity confirm this invariance.
At higher values of q, such that q > 1, scattering experiments detect internal modes inside the correlation volume, which possess no unique length scale. The only characteristic length scale is that defined by the conditions of detection; namely, 1/q. Hence,
The transition between the simple diffusive response of eq 2 and the universal behavior of eq 4 is commonly observed in solutions of neutral flexible polymers. 5, 6 At even higher values of q, the individual segments of the polymer chain become resolved, and diffusive motion of the segments prevails. In this regime, where a is the hydrodynamic radius of the polymer segment. In the case of HA, where the persistence length of the polymer chain is on the order of 50 Å, 14 it is to be expected that eq 5 applies over the whole q range of the NSE measurements. In other words, for the observations reported here, 
The close similarity in value of and a in the semidilute concentration range make it unlikely that the universal regime of eq 4 can be detected in the present measurements. The effect of salt on the diffusion properties of polyelectrolyte solutions can be expressed in terms of mode coupling between the polyion and its surrounding cloud of small mobile ions. 7, 10 When hydrodynamic interactions are neglected, the dependence of the diffusion coefficient on salt concentration is found from the coupled equations where D 1 , D 2 , and D 3 are the diffusion coefficients of the (negative) macroion, the (positive) counterions, and the (negative) co-ions, respectively. In eq 7, κ i ) Z i (l B c i ) 1/2 is the inverse Debye-Hückel screening length associated with the ionic species i, of charge Z i , and average concentration c i . c j i is the spatial Fourier transform of the concentration fluctuations, and l B is the Bjerrum length. 15 According to eq 7, at small q, the effective diffusion coefficient of the macroion, Γ/q 2 , gradually increases from its limiting value D 1 at high added salt concentration to a much larger value, intermediate between D 1 and the diffusion coefficient of the small ions, in zero added salt. 7 At very high q (.κ i ), by contrast, the off-diagonal terms in eq 7 are negligible, with the result that the motion of the polymer is decoupled from that of the small ions. Γ/q 2 therefore asymptotically approaches D 1 . DLS measurements on solutions of sodium polystyrene sulfonate (NaPSS), which is a flexible polymer with a hydrophobic vinyl backbone, indicate that the asymptotic minimum of Γ/q 2 is attained at ∼1 M NaCl. 16 At this salt concentration, 1/κ (≈ 3.1 Å) is comparable to the length of the NaPSS monomer. These DLS observations, in which the measurement length scale 1/q greatly exceeds the Debye-Hückel length 1/κ, indicate that at high salt concentrations the polyelectrolyte behaves like a neutral polymer. Figure 2 shows the combined static light scattering (SLS) and SAXS response from a 2% HA solution in 100 mM NaCl, illustrating the q range explored in the DLS and NSE experiments. At low q (e3 × 10 -3 Å -1 ), the integrated (i.e., static) scattering intensity I stat (q) decreases approximately as q -4 , characteristic of large clusters with smooth interfaces. 17 Such clustering is a general feature of semidilute polyelectrolyte solutions. At high q (g2 × 10 -2 Å -1 ), I stat (q) varies as q -1 , reflecting the rod-like character of the overlapping HA chains at short length scales. The variation of the neutron coherent scattering intensity, measured by NSE at different salt concentrations, is displayed in Figure 3 . Although the signal-to-noise ratio in these measurements is much poorer than that of the SAXS spectra, the slope of the power law fit to the data, -0.85, is within experimental error consistent with the rod-like character of the HA chain. It is also apparent from this figure that the neutron scattering intensity is independent of ionic strength. Figure 4a shows a typical DLS normalized intensity correlation function g 2 (t) of the scattered light, obtained from an HA solution containing 0.1 M NaCl + 0.05 M CaCl 2 . Two distinct relaxation processes are visible, separated by ∼3 orders of magnitude in time. The fast relaxation rate, Γ, is the collective mode defining the osmotic concentration fluctuations; the slow relaxation rate, Γ s , reflects the internal motion of the large clusters, the surfaces of which are responsible for the q -4 scattering in Figure 2 . The continuous curve in Figure 4a is the fit to the Siegert relationship for a polymer solution with two relaxation modes, 12 where In eq 8, ≈ 0.96 is the optical coherence factor of the detection system; g 1 (t) is the field correlation function, with the usual condition that g 1 (0) ) 1; b is the relative amplitude of the thermodynamic fluctuations; and the exponent 2/3 of the stretched exponential is typical of internal modes. 1 The dashed curve in Figure 4 corresponds to the second term in eq 8b. Figure  4b shows the field correlation function obtained from the saltfree sample at scattering angle θ ) 120°.
The dependence of the fast relaxation rate Γ on q of the thermodynamic concentration fluctuations, measured by DLS, is plotted in Figure 5 . The proportionality of Γ to q 2 implies ∂c Figure 3 . Dependence on q of the NSE scattering intensity from 2% w/w HA solutions, measured at different ionic strengths, J.
that this motion is diffusive, where the diffusion coefficient D DLS ) Γ/q 2 increases with decreasing ionic strength, J. 7, 12 The slow relaxation rate, Γ s , is proportional to q 3 ( Figure 6 ) and increases with increasing salt content. The intensity of the slow feature greatly exceeds that of the fast mode, and as indicated in Figure  2 , it continues to increase strongly at low q. Its contribution to the osmotic pressure is therefore negligible. The study of its mechanism, however, lies outside the scope of this paper. Figure 7a shows a typical spin echo decay, obtained from the same sample as the DLS correlation function in Figure 4a , that is, a 2% HA solution containing 0.1 M NaCl + 0.05 M CaCl 2 . Within experimental error, the echoes exhibit simple exponential decays. At q ) 0.087 Å -1 , the decay time is ∼30 ns. Equivalent decays for the sample with J ) 0 are shown in Figure 7b for different values of q. The dependence of the NSE relaxation rate Γ on q 2 is plotted in Figure 8 for three different salt concentrations. In contrast to the DLS results, the slope of the straight lines varies weakly with J, displaying no systematic trend. Its value is smaller than that found by DLS.
The results are summarized in Figure 9 , where D NSE and D DLS are plotted as a function of ionic strength. D DLS is a decreasing function of J, tending to a constant value at high J. This behavior is reflected in the mode-coupling formalism of eq 7, on taking for the asymptotic value of the diffusion coefficient of the macroion D 1 ) 3 × 10 -7 cm 2 s -1 (continuous line through DLS data).
The observed variation of the diffusion coefficient at low q can be interpreted in terms of the intensity scattered by the dynamic osmotic fluctuations (as opposed to the total scattered intensity)
where c∂Π/∂c is the osmotic modulus of the solution and K is the optical contrast factor between the polymer and solvent. Experimentally, I DLS is independent of q. Since the collective diffusion coefficient, D DLS , is proportional 1 to ∂Π/∂c and the polymer concentration, c, is constant in these measurements, eq 9 implies that the osmotic modulus should display a dependence on J having the same functional form as D DLS ; that is, Field correlation function, g 1 (t), from eq 8b for HA sample containing zero added salt (J ) 0), measured at θ ) 120°, displaying the total fit and the slow component. 
This relationship may be verified independently by measuring the osmotic pressure, Π(c). The resulting variation of c∂Π/∂c, also displayed in Figure 9 , indeed shows a dependence on J similar to that of D DLS . The mode coupling relation 7 thus provides a reasonable description of the low q behavior. The situation at high q is strikingly different. Figure 9 shows that D NSE is independent of q, while, according to Figure 3 , the scattering intensity decreases approximately as 1/q. Unlike in the low-q regime, therefore, the product I(q, J) × D(q, J) is now a function of q. In this high-q range, the individual chain segments are resolved, and the intensity is proportional to the polymer concentration. 1 The semidilute solution can thus be pictured as an assembly of distinct charged particles, as in eq 1, with a hydrodynamic radius, a, and relaxation rate, Γ, described by eq 5. In this case, the diffusion coefficient is related to the structure factor, S(q), by 18 where D 0 is the value of D(q, J) of the polymer segments, as in eq 6, at infinite dilution. The analog to eq 1 can therefore be written where P(q) is the form factor of the polymer chain segments.
Experimentally, as seen in Figure 9 , the measured values of D NSE are practically independent of J, having a mean value 3.0 ( 0.2 × 10 -7 cm 2 s -1 ; that is, equal to D DLS in the high ionic strength limit of the mode-coupling model. Furthermore, as noted in Figure 3 , the scattered intensity, I coh (q), in the NSE region is also independent of J. The intensity is therefore governed only by the form factor P(q) (∝ q -1 ) of the individual chain segments. It follows from eqs 11 and 12 that S(q, J) is a constant, independent of both J and q, in accordance with the observed constancy of D NSE (q, J). This finding confirms the validity of eqs 11 and 12 at high q, where the scattering response is governed by local chain properties. It is pertinent to note that in semidilute HA solutions with zero added salt and in the absence of shear, no characteristic polyelectrolyte peak due to interchain correlation effects is observed in the structure factor S(q, J). 19 These findings are unexpected for two reasons: First, unlike semidilute solutions of neutral flexible polymers, the diffusion coefficient of the polymer segments, D NSE , is the same as, and 
I(q, J) ) P(q) S(q, J)
not greater than the collective diffusion coefficient D DLS at high J. Second, the NSE measurements show that decoupling is complete in the range 0.06 e q/κ e 1.6, in apparent contradiction with the mode coupling model, which predicts decoupling only for q/κ . 1.
Conclusions
In semidilute solutions of the charged biopolymer HA in the physiological salt concentration range, the dynamic properties depend on the length scale of the measurement. At long length scales, coupling between the polymer and the ion cloud gives rise to a strong dependence on ionic strength, both of the collective diffusion coefficient and of the scattering structure factor. At short length scales both quantities are constant and independent of J. Decoupling from the ion cloud is observed in the range 0.06 e q/κ e 1.6, which is smaller than the limit q/κ . 1 predicted by the mode coupling model.
